Abstract Mechanically alloyed iron-based oxide dispersion-strengthened alloys have the potential for application in heat exchangers for biomass power plants, with operating temperature and pressure at entry of the gas turbine working fluid being around 1,100°C and 15-30 bar, respectively. The yttria dispersion in such alloys improves the high-temperature creep and stress rupture life. The strength is further enhanced by the development of a coarse-grained microstructure during recrystallization. Factors controlling the evolution of this desirable microstructure are explored in this study, focusing specifically on PM 2000. The results can be interpreted if it is assumed that anything which makes the microstructure heterogeneous stimulates recrystallization. The combination of these results with finite element modelling is used to interpret the role of strain heterogeneity on the development of recrystallized grain structure. In this sense, larger strain gradients lead to more refined and more isotropic grain structures.
Introduction
There are several potential advantages in employing ferritic Fe-Cr-Al alloys in high-temperature applications: in addition to the lower raw material cost and generally superior oxidation resistance, the alloys have a higher melting point, lower density and lower coefficient of thermal expansion than the current nickel-or cobalt-based alloys. The original interest in Fe-Cr-Al alloys was for high-temperature power plant applications. However, the mechanical strengths of the alloys in the cast and wrought condition at temperatures in excess of about 600°C were too low for them to be considered for critical structural applications. Dispersion strengthening with stable oxide particles is an ideal method for improving high-temperature strength without sacrificing the excellent surface stability of the matrix alloy.
The global requirement for reducing CO 2 emissions from fossil power plant is driving the design and construction of plant with higher efficiencies, along with co-firing and CO 2 capture technologies. Recently, there is a commitment in Europe to use renewable energy; biomass is likely to make a significant contribution to this type of power generation [1] . This does not require radically new technologies when compared with alternative sources of renewable energy. However, the thermodynamic efficiency of the process is dependent on the maximum temperature which can be attained in the operating cycle. Gains in overall cycle efficiency generally involve increasing the maximum operating temperature of the power plant. Such improvements have been and will continue to be facilitated by the development of materials with increasingly hightemperature capabilities. Technologies for developing biomass plant towards greater efficiencies are therefore vital. For example, it is planned to construct heat exchanger capable of operating at gas temperature and pressure of around 1,100°C and 15-30 bar, respectively [2] . This in turn requires metal tubing which can survive at temperatures up to 1,150°C.
Oxide dispersion-strengthened (ODS) alloys have excellent potential for use in next-generation high-temperature applications where superior creep strength and oxidation resistance compared with current alloys are required [3] . Possible applications include tubing for high-temperature heat exchangers [4] and sheet for burners and combustion chambers [5] . Amongst the three challenges that currently inhibit the use of these alloys, i.e. relatively high processing costs, improving actual joint techniques due to low creep strength at high temperatures, and generating recrystallization microstructures with large grains custom oriented with respect to the principal hoop creep stress, this article reviews the results achieved to address the latter issue.
Material and experimental procedure
The material used for the purpose of the study was provided by PLANSEE GmbH. PM 2000 is yttria dispersion-strengthened alloy containing aluminium and chromium for oxidation and corrosion resistance; it is produced using mechanical alloying in a high-energy ball mill. After alloying, the powder is consolidated by hot isostatic pressing and then formed into bars by hot extrusion. The extruded bar was then further hot-rolled at 900°C, and finally, cold rolled to 53-mm diameter. The material shows an exceptional oxidation and corrosion resistance, because of the formation of a surface alumina scale [6] [7] [8] [9] [10] .
The chemical composition of the commercial purity PM 2000 used in this study as determined by X-ray fluorescence is given in Table 1 . To reveal the microstructure of the steel in greater detail, scanning electron microscopy was carried out on a Jeol JSM-6500F field emission scanning electron microscope (FEG-SEM) operating at 7 kV in the back-scattered mode.
Electron backscatter diffraction (EBSD) patterns were collected at various locations on cross sections carefully polished with colloidal silica (50-nm particle size) in the final stage. Ultrasonic cleansing process in ethanol at 30°C is performed to remove all the dirtiness from previous steps. The EBSD patterns were generated at an acceleration voltage of 20 kV and collected using a CRYSTAL detector of Oxford Instruments mounted on a SEM JEOL JSM-6500F. The indexation of the Kikuchi lines and the determination of the orientations were done using the software CHANNEL 5 developed by HKL Technology. The results were represented by means of an inverse pole figure (IPF) maps and {100} pole figures (PF), which give the orientation of a macroscopic direction with respect to a specific crystal direction. TEM examination was performed in a JEOL JEM-200 CX transmission electron microscope operating at 200 keV. Cylindrical samples of 3 mm in diameter were cut with diameter parallel to hot rolling direction and mechanically thinned to thickness of *100 lm. From these discs, TEM samples were electropolished in a TECNUPOL device using 5 pct perchloric, 15 pct glycerol, and 80 pct ethanol as electrolyte, at 266 K with an applied voltage of 20 V. The etchant used to reveal the microstructure in optical microscope was a solution containing 2 g CuCl 2 , 40 ml HCl, 40-80 ml ethanol (Kalling Reagent).
Since a statistical analysis of very small-sized particles was required, it was decided to produce carbon extraction replicas. Extraction replicas allow examining relatively large areas of a sample in the transmission electron microscope compared to thin foils. Carbon replicas were prepared according to Fukami 'two step replica method' [11] . Samples were polished in the usual way and then lightly etched with Kalling reagent. A small amount of methyl acetate was dropped and spread on the surface of the specimen. Before the volatilization of the solvent, a cellulose acetate film was laid over the specimen. After a few minutes, the film was peeled off from the specimen. Subsequently, to avoid the curling of the material, it was kept for about 30 min in an air oven heated to 80°C. Then, the film was put into a high vacuum chamber to perform carbon deposition. Finally, the cellulose acetate layer was dissolved in a sequence of acetone baths. A copper mesh was used to support carbon replicas which were examined in TEM.
Characterization of fine grained microstructure
The oxidation resistance and good creep performance of mechanically iron-based ODS alloys, such as PM 2000 and MA956, make them prime candidates for the proposed heat exchangers [12, 13] . As expected, the creep strength is influenced by grain size and shape [14] . The microstructure, however, following mechanical alloying and consolidation of the resulting powder (for example, by extrusion), consists of fine grains which have a width which is much less than a micrometre and which are cold-deformed during the consolidation process [15] [16] [17] [18] . The material in this state is hard and contains an enormous amount of stored energy [19, 20] . However, recent studies [21, 22] concluded that the microstructure in the as-extruded and hot rolled condition of PM 2000 consists of fine (*0.5 lm) grains of ferrite (Fig. 1a, b) . The grains were slightly elongated in the extrusion and rolling direction and the microstructure exhibited no major rolling texture. This microstructure indicates that the rolling temperature is high enough for recrystallization to have occurred possibly with a little grain growth. EBSD indicated that the high angle grain boundaries are well defined, which is also consistent with a recrystallized microstructure. Furthermore, texture analyses reveal that more than 80 % of indexed grains present the\110[direction parallel to the rolling direction, i.e. the (110) plane is perpendicular to the bar axis (Fig. 1c) . This texture is typical of body centred cubic materials deformed by either extrusion or rolling 
Generation of highly anisotropic microstructures
Only coarse recrystallized grains have adequate hightemperature creep strength. Therefore, the as-extruded and hot-rolled material has to be recrystallized into a coarsegrained microstructure before using. However, the recrystallization behaviour of iron-based ODS alloys is peculiar. They recrystallize into a grain structure which resembles that obtained by directional solidification, with coarse, columnar grains which have their longest axes along the extrusion direction. This results in tubes with anisotropic, very coarsegrained, axially aligned microstructures which exhibit excellent axial creep properties. Furthermore, recrystallization usually does not occur until temperatures close to melting are reached [25] [26] [27] .
Annealing at temperatures of the order of 0.9 of the melting-point (1,633 K for 3 h) and cooling in a switched-off furnace yields a coarse grain structure with a grain size in the millimetre range. The grains are columnar and aligned along the extrusion direction (Fig. 3) . After this heat treatment, some aluminium-yttrium oxides were observed (Fig. 4a, b) . The mean size of these particles was *60 nm ( Fig. 4c) , which according to the results shown in Fig. 3 allow us to conclude that recrystallization heat treatment leads to coarsening of oxide particles. This high-temperature annealing treatment was used before subsequent lowertemperature ageing treatments to ensure a chemically homogeneous material. The reason for the growth of grains to be anisotropic is twofold: firstly, because of the segregation of particles on the grain boundary of deformed grains (Fig. 5a) , and secondly because of the strong alignment of the aluminium-yttrium oxide particles along the extrusion direction (Fig. 5b) , which hinder boundary motion more effectively in the transverse direction [28] [29] [30] .
As the grain growth process can be influenced by solute segregation, the grain boundaries were investigated for evidence of solute segregation (particularly yttrium, since there is a remote possibility that fine yttria or yttriumcontaining oxide particles that are located at a grain boundary may partially or fully dissolve). Several randomly chosen boundaries were selected and orientated parallel to the incident electron beam; microanalysis scans at intervals of 2.5 nm were then conducted across the boundary plane over a distance of *0.16 lm on either side of the boundary, avoiding any particles. A concentration scan through a precipitate-free segment of the grain boundary (Fig. 6a ) revealed no evidence of solute enrichment at the grain boundary, although a greater indepth study needs to be carried out to track segregation in a more significant number of boundaries. For comparison, a scan across a segment of grain boundary with an aluminium-yttrium oxide particle is shown in Fig. 6b .
Effect of residual stresses
The role of residual stresses is analysed by combing simple deformation tests such as Brinell indentation test and finite element modelling. Figure 7 shows the texture evolution in two different areas of the indented sample with Brinell test load of 49 kN. One analysis is performed in an area where deformation induced by Brinell indentation is not relevant; meanwhile, the second analysis is done when Brinell deformation reaches its maximum. It could be concluded that deformation causes a change in texture consisting of the increasing number of grains with planes close to (411) parallel to Brinell sample surface. Likewise, a systematic study of the early stages of recrystallization as a function of annealing temperature and deformation was carried out. Table 2 lists the temperature at which recrystallization starts (T R ) after isochronal (3 h) heat treatments at different annealing temperatures. It could be concluded that deformation boost recrystallization, i.e. the higher the deformation the lower the T R . The recrystallization temperature in the absence of deformation was determined at 1,330°C. The first observable result is seen in the case of 4.9 kN at 1,320°C. Deformation of 49 kN causes a drop in T R down to 1,150°C. Figure 8 illustrates the effect of increasing deformations on subsequent recrystallization of PM 2000. It is evident the effect of the deformation magnitude on the recrystallization, since the larger the indentation load, the more extended the volume of recrystallized material and finer the recrystallized grain size.
It could be concluded that the texture change induced by deformation could enhance recrystallization, which is consistent with the broad idea that anything that enhances heterogeneity boosts recrystallization in Fe-based ODS alloys [19, 28, 30] . However, there is a complementary mechanism that can explain why recrystallization is triggered by plastic deformation, as explained here.
Results presented in Table 2 are consistent with the ones reported by Nutting et al. [31] and Capdevila and Bhadeshia [32] . Nutting et al. [31] studied the recrystallization process in a 60 % cold-worked sheet which was slightly deformed by bending, and claimed that recrystallization was triggered in places subjected to residual compressive stresses. Capdevila and Bhadeshia [32] reported a two-fold effect on the recrystallization behaviour of specimens subjected to different bending angles: as cold deformation increases, a decrease was noted in the recrystallization temperature, and an increase in the density of recrystallization nuclei disregarding of the stress direction. Toda et al. [33] reported a calculation of residual stresses in Brinell indented sample by means of finite element modelling. Figure 9 shows a comparison between a shear residual stress (r xy ) map reported by Toda el al., and the early stages of recrystallization in a deformed and subsequently heat treated at 1,150°C/3 h sample. It is clearly observed in this figure that the recrystallized zones (Fig. 9b ) match with those where r xy presents the highest values (Fig. 9a) . This illustrates the role of shear stresses on recrystallization of Fe-based mechanically alloyed steels. This is consistent with the idea described by Hutchinson and Wynne [34] who proposed that boundary movement is accompanied by shearing of the volume through which a boundary moves. Whilst any high angle boundary may be formally described by a dislocation arrangement, it is not so evident which dislocations are actually involved, and how to resolve the stress that drives them. In this case, it may be easier to think of structural units and coordinated jumps of atoms across the boundary providing the mechanism for migration. Whichever view point is adopted, it is important to remember that energy has to be supplied to provide that energy which is being dissipated during the boundary migration. This can only come from work done by the component of force acting parallel to the boundary and so shearing must always accompany migration when this is stress-driven, whatever the misorientation of the boundary. Since each element of grain boundary is an invariant plane, the only possible work is by translation parallel to the boundary or, in other words, by shearing the volume as the boundary passes through it. In this case, the significant stress component will be a shear stress parallel to the boundary. The maximum possible driving force in this case is then equal to the work done per unit volume cr xz where c is the shear strain accomplished, which depends on the misorientation and structure of the boundary (Fig. 9c) .
Strain gradient effect on heat exchanger tube manufacturing
So far, we have demonstrated the role of strain gradient on the recrystallization of PM 2000. It is a sensible assumption to consider that significant strain gradients could be attained during tube manufacturing for heat-exchanger, which could lead to an undesirable recrystallized fine-size grain structure from creep strength point of view.
PM 2000 tubing is conventionally processed by unidirectional extrusion followed by heat treatment. This results in tubes with anisotropic, very coarse-grained, axially aligned microstructures which exhibit excellent axial creep properties. However, in pressurised tubes, the maximum principal creep stress demands peak strength in the hoop direction so the tubing exhibits substantially weaker creep resistance in the hoop direction when compared with that along the tube axis. To overcome this problem, a novel processing route developed at MSR Metall-Spezialrohr GmbH has been used [35, 36] . In this case, the extruded tubes from Plansee are flow formed in a process of threeroller torsional extrusion. Flow forming is a process of chipless manufacture, in which the material of the tube is subjected to compressive stress between a mandrel (located inside the tube) and three work rollers located symmetrically around its circumference. Owing to the proprietary design of the rollers, the tube not only extends but also twists, the total deformation being a combination of torsion and extrusion. Figure 10 illustrates the evolution of grain structure in cross-section of several manufactured tubes with different reductions. This figure shows the through thickness microstructure for varying flow forming reductions. In this sense, 50 and 75 % reduction-in-thickness (Fig. 10a, b) leads to a very fine recrystallized microstructure in the outer surface meanwhile coarse and elongated recrystallized grains are obtained in the inner part of the tube. By contrast, for reduction in area of 90 % (Fig. 10c ) a homogeneous microstructure is obtained.
The size of recrystallized grains could be evaluated through the surface per unit volume of recrystallized grains (S V ) in the recrystallized microstructure [37] . In this sense, the finer the grain, the higher the S V value determined in the microstructure, as it is illustrated in Fig. 11a for increasing reduction-in-thickness ratios. The grain aspect ratio (GAR), i.e. the ratio between sizes in longitudinal and transverse directions, is also strongly influence by flow forming process as it can be concluded from GAR evolution with flow forming reductions shown in Fig. 11b . The highest the deformation is, the highest the GAR value is. These results might indicate that flow forming process induces a through thickness strain gradient and recrystallize grain size is strongly dependent on such gradient.
The results presented in Figs. 10 and 11 clearly illustrate the role of strain gradient on refining the recrystallized microstructure, which is a drawback from creep strength point of view. During flow-forming, the surface of the tube is in contact with the rollers whereas the interior is in contact with a stationary mandrel. The torsional influence of the rollers does not therefore penetrate effectively through the thickness of when the reduction is wall thickness is relatively small (50 and 75 % reduction-in-thickness). By contrast, the lower half of the wall thickness has a uniform appearance due to its contact with the mandrel. Large reductions, such as the 90 % reduction-in-thickness on the other hand, shows the effect of the rollers through the entire section. This idea is fully consistent with the data presented in Fig. 12 , which shows the evolution of the hardness across the wall thickness of the 50, 75 and 90 % reduction-in-thickness tubes. The hardness distribution into 90 % reduction is clearly more homogeneous than that in 50 and 75 % reduction-in-thickness. To summarize, the deformation is more uniform through the thickness of the tube for the larger reduction in wall thickness. For smaller reduction-in-thickness ratios, the deformation does not penetrate into the inner part of the tube, which leads to the existence of a strain gradient, the one that was shown in previous section, would lead to the triggering of recrystallization. Hence, recrystallized microstructure is refined. However, the strain gradient is not the solely responsible for triggering recrystallization, but residual stresses can also play a role as shown in the next section.
This idea is consistent with texture measurements through thickness. The crystallographic texture has also been measured as a function of depth in the deformed tube (Fig. 13) . The outer surface of 75 % reduction tube has a fairly strong fibre texture with axis RD = [100]. By contrast, the centre of the tube has a weak almost random texture, whereas the inner surface shows a strong texture dominated by a rotated cube component (TD = There are also differences: the (1-11) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and (111) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] components are not clearly observed in 75 % reduction tube. Likewise, 90 % reduction tube shows a steady increase in texture strength from outside to inside, whereas 75 % reduction tube has a fairly weak texture in the centre. In general, it might be concluded that the texture is more homogeneous over the tube thickness for 90 % reduction tube, which is consistent with the more homogeneous distribution of strain in 90 % reduction tube shown in Fig. 12 .
Conclusions
(1) Flow forming is a powerful processing route that ensures a significant improvement of creep strength in the hoop direction in PM 2000 ODS alloy tubing by means of generating a coarse-grained recrystallized microstructure following a helicoidal pattern. (2) The influence of cold deformation on the recrystallization of mechanically alloyed PM 2000 has been studied. Tubes with different levels of deformation due to flow forming have been studied. As the reduction in area increases, a more homogeneous submicron microstructure and strain gradient across the wall thickness of the tube are observed. (3) The triggering of recrystallization in a cold-deformed sample of PM 2000 is a consequence of two additive factors such as the existence of residual stresses and the increase of strain energy. The presence of residual shear stresses at the moment of recrystallization boosts the grain boundary movement and hence reduces the recrystallization temperature. The latter is responsible of the through thickness crystallographic texture changes that can boost the nucleation of recrystallization.
(4) The results presented in this article from hardness, microstructure and crystallographic textures are all consistent with the broad idea that anything which introduces heterogeneity into the microstructure, stimulates the nucleation of recrystallization, giving a fine-grained microstructure.
